Purpose: Restrictive red blood cell transfusion strategies remain controversial in patients undergoing cardiac surgery. We performed a meta-analysis to assess the prognostic benefits of restrictive red blood cell transfusion strategies in patients undergoing cardiac surgery. Methods: We identified randomized clinical trials through the 9th of December 2017 that investigated a restrictive red blood cell transfusion strategy versus a liberal transfusion strategy in patients undergoing cardiac surgery. Individual patient data from each study were collected. Meta-analyses were performed for the primary and secondary outcomes. The risk of bias was assessed using the Cochrane Risk of Bias Tool. A trial sequential analysis (TSA)-adjusted random-effects model was used to pool the results from the included studies for the primary outcomes. Results: Seven trials involving a total of 8886 patients were included. The TSA evaluations suggested that this meta-analysis could draw firm negative results, and the data were sufficient. There was no evidence that the risk of 30-day mortality differed between the patients assigned to a restrictive blood cell transfusion strategy and a liberal transfusion strategy (odds ratio (OR) 0.98; 95% confidence interval (CI) 0.77 to 1.24; p = 0.87). Furthermore, the study suggested that the restrictive transfusion strategy was not associated with significant increases in pulmonary morbidity (OR 1.09; 95% CI 0.88 to 1.34; p = 0.44), postoperative infection (OR 1.11; 95% CI 0.95 to 1.3; p = 0.58), acute kidney injury (OR 1.03; 95% CI 0.92 to 1.14; p = 0.71), acute myocardial infarction (OR 1.01; 95% CI 0.80 to 1.27; p = 0.78), or cerebrovascular accidents (OR 0.97; 95% CI 0.72 to 1.30; p = 0.66).
Background
Anemia is common after cardiac surgery and is associated with significant increases in morbidity and mortality [1] [2] [3] . Red blood cell (RBC) transfusions can be lifesaving in patients with severe anemia and the purpose of perioperative RBC transfusion is to improve oxygen delivery in patients with anemia [4] . More than 50% of patients receive a postoperative transfusion, which uses a substantial proportion of blood supplies [5] .
However, RBC transfusion has been associated with high rates of mortality and morbidity in critically ill patients [6] . It is associated with infection, acute lung injury, acute kidney injury, and death [7] . The infectious and non-infectious risks associated with transfusion support restrictive transfusion practices in several clinical settings [8] . Whether the restrictive approach to preoperative RBC transfusion in cardiac surgery safely achieves outcomes similar to those achieved by means of more liberal approaches remains unclear.
Recent studies have demonstrated that a restrictive strategy for RBC transfusion is not inferior to a liberal strategy with respect to death and other outcomes in patients undergoing cardiac surgery [9, 10] . The aim of this meta-analysis is to assess the effects of restrictive compared to liberal RBC transfusion on the prognoses of adult patients undergoing cardiac surgery.
Methods

Eligibility criteria
We included trials with the following features:
1. Types of studies: Randomized controlled clinical trials 2. Population: Patients undergoing cardiac surgery 3. Intervention: Patients receiving restrictive RBC transfusion 4. The following outcomes were included: a) primary outcome, 30-day mortality; b) secondary outcomes, pulmonary morbidity (including acute respiratory distress syndrome, acute lung injury, delayed extubation), postoperative infection (including deep sternal wound infection, leg wound infection, sepsis, etc.), cerebrovascular accident, acute kidney injury (including all stages, acute kidney injury requiring renal replacement treatment), and myocardial infarction.
Search strategy and study selection
We searched the Medline, Elsevier, Embase, Cochrane (Central), Web of Science, and ClinicalTrials.gov databases from inception to December 9, 2017 for studies investigating the perioperative use of restrictive RBC transfusion in patients undergoing cardiac surgery. Two reviewers independently reviewed all abstracts and titles and excluded trials that were obviously irrelevant. The full texts of the articles were then reviewed independently in accordance with the inclusion and exclusion criteria. Any discrepancies were resolved by reaching a consensus regarding the inclusion or exclusion of a trial by discussion with a third reviewer.
Data extraction and management
Two reviewers independently extracted the data using a standardized data extraction protocol. Any disagreements between the two reviewers were resolved by discussion. Information, including trial characteristics, included authors, year of publication, country of origin, study design, sample size, the inclusion and exclusion criteria, the methods of statistical adjustment, transfusion strategies, and study results, was extracted from the included studies.
Trial sequential analysis
We conducted a trial sequential analysis (TSA) to prevent the risk of increases in random error by repeated updates according to the method we described previously [11] . A TSA-adjusted random-effects model was used to pool the results from the included studies for the primary outcomes. A two-sided TSA was performed to maintain a risk of 5% for type I error and a power of 80%. Additionally, an estimated function was used to calculate the required information size.
Statistical analysis
Review Manager (version 5.3) was used for the meta-analysis. For each of the included studies, we calculated the odds ratio (OR) with 95% confidence intervals (CIs) for dichotomous outcomes. The heterogeneity among studies was calculated with the Mantel-Haenszel chi-square test and the I 2 test. The statistical heterogeneity of the data was quantified. Obvious heterogeneity was defined as p < 0.05 using the Mantel-Haenszel chi-square test or an I 2 > 50%. Furthermore, the funnel plot technique was used to assess the publication bias.
Results
Study location and selection
Our search strategy identified a total of 6765 titles and abstracts. After screening the abstracts and title, 4535 publications were left after duplicates were removed. Among them, 4431 publications were non-relevant, which were therefore excluded. The remaining 104 publications were retrieved for an eligibility assessment; 97 publications were deemed ineligible and were therefore excluded. Seven studies with a total of 8886 patients were included in the final analysis [9, 10, [12] [13] [14] [15] [16] (Fig. 1) .
Characteristics of the trials
We included seven trials that compared restrictive RBC transfusion with controls in patients undergoing cardiac surgery. The characteristics of the included trials are presented in Table 1 . Four trials included only low-risk surgical patients who were undergoing elective cardiac surgery and excluded patients who were at the highest risk of requiring RBC transfusion [10, 12, 13, 15] . The other three trials included patients who were at the highest risk of requiring RBC transfusion [9, 14, 16] . Patients allocated to the restrictive RBC transfusion group were infused with fewer RBCs compared to patients in the liberal-threshold group. The median number of cell salvage and allogeneic RBC units transfused per patient ranged from one to three in the four studies [9, [12] [13] [14] . RBC transfusion rates reported in three trials ranged from 44 to 75% [10, 13, 15] . The other trial did not report the units of RBC transfusion or transfusion rate [7] . The results of random sequence generation are shown in Fig. 2 .
Trial sequential analysis
A TSA sensitivity analysis including all trials revealed that the diversity-adjusted information size was 8886 patients. The cumulative z-curve did not cross the conventional boundary for benefit or the trial sequential monitoring boundary for benefit but did cross the estimated information size boundary (Fig. 3) . The TSA evaluations suggested that this meta-analysis could draw firm negative results, and the data were sufficient.
Mortality
The effect of restrictive RBC transfusion on 30-day mortality rates was estimated from seven trials that included a total of 8886 patients. A total of 139 deaths occurred among 4440 patients who were allocated to the restrictive RBC transfusion group compared with 142 deaths among the 4446 patients allocated to the control group. No evidence of publication bias was detected after a funnel plot analysis (Fig. 4) , and the heterogeneity was determined to be non-significant (p = 0.36, I 2 = 9). There was no evidence that the risk of 30-day mortality differed between the patients assigned to the restrictive RBC transfusion and control groups (OR 0.98; 95% CI 0.77 to 1.24; p = 0.87; Fig. 5 ). Mazer et al. 2017 [9] 4860 72 ± 10 72 ± 10 Cardiac surgery with a EuroSCORE I of 6 or more Hb < 7.5 g/dl Hb < 8.5 g/dl Hb < 9.5 g/dl 10.5 g/dl?
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Secondary outcomes
Five studies (3658) reported pulmonary morbidity as an outcome. The results revealed that there was no significant reduction in the risk of pulmonary morbidity with restrictive RBC transfusion (p = 0.42, Table 2 ). Furthermore, the study suggested that the restrictive transfusion strategy was not associated with significant increases in pulmonary morbidity, postoperative infection, acute kidney injury, acute myocardial infarction, or cerebrovascular accidents (Table 2 , Additional files 1, 2, 3, 4, and 5).
Discussion
Restrictive RBC transfusion strategies remain controversial in patients undergoing cardiac surgery [3, 7] . Thus, the effect of restrictive versus liberal transfusion strategies on clinical outcomes in patients undergoing cardiac surgery remains to be defined. Our meta-analysis demonstrated that the OR for 30-day mortality did not favor a restrictive transfusion strategy or a liberal transfusion strategy in randomized controlled trials of adult patients undergoing cardiac surgery. Furthermore, a restrictive RBC transfusion strategy was not inferior to a liberal strategy with respect to pulmonary morbidity, postoperative infection, cerebrovascular accident, acute kidney injury, or acute myocardial infarction, and fewer RBCs were transfused. Some studies have suggested that the transfusion of RBCs is associated with many harmful effects, such as infection, acute lung injury, acute kidney injury, prolonged hospital stays, and increased mortality and hospital costs [7, 17] . A restrictive threshold for transfusion is likely to be favored because it requires the use of fewer units of RBCs [18, 19] . Considering the known risks of RBC transfusions and the observational studies linking transfusion with increased adverse complications [20] , clinicians have been adopting restrictive RBC transfusion strategies in cardiac surgery [21] . However, restrictive RBC transfusion strategies remain controversial in patients undergoing cardiac surgery [22] . Patients undergoing cardiac surgery have a lower cardiovascular reserve and restrictive RBC transfusion may increase the risk of anemia-induced tissue hypoxia [23] . Our meta-analysis provides evidence that restrictive transfusion is not associated with the risk of adverse outcomes such as infection, acute kidney injury, and pulmonary morbidity. However, the definitions of those secondary outcomes differed between studies. For instance, the KDIGO criteria were adopted to diagnose acute kidney injury in TRICS 3 trial [9] , but Hajjar et al. applied the RIFLE classification [13] , and some others employed dialysis-dependent or 50% or greater increase in serum creatinine [15, 16] . Nonetheless, this meta-analysis suggests that restrictive transfusion strategies are as safe as liberal strategies in patients undergoing cardiac surgery.
Observational studies of adult patients undergoing cardiac surgery have shown strong associations between RBC transfusion and high mortality [24, 25] . In the Transfusion Indication Threshold Reduction (TITRe2) clinical trial, 90-day mortality was higher with restrictive postoperative RBC transfusion than with a liberal threshold [14] . A meta-analysis of there randomized controlled trails reported that the odds for mortality favored a liberal RBC transfusion strategy rather than a restrictive RBC transfusion strategy, but the difference between strategies was not statistically significant [20] . However, the recently published TITRe3 trial did not provide evidence supporting this. The study showed that in patients undergoing cardiac surgery who were at moderate to high risk for death, a restrictive RBC transfusion strategy was noninferior to a liberal strategy with Fig. 2 Risk of bias summary. Review of the authors' judgements about each risk of bias item for each included study. Red indicates high risk, green indicates low risk, blank indicates unclear respect to the composite outcome of death from any cause [9] . Similar to the TRICS 3 trial, our meta-analysis demonstrated that a restrictive RBC transfusion strategy is not inferior to a liberal strategy with respect to 30-day mortality. To avoid the risk of random error increase due to repeated updates, a sensitivity analysis of the TSA was performed. The TSA evaluations suggested that this meta-analysis could draw firm negative results, and the data were sufficient. Thus, the restrictive RBC transfusion strategy was not inferior to the liberal strategy with respect to 30-day mortality.
There are some procedures and techniques to reduce RBC transfusion in patients undergoing cardiac surgery [26] . In 2010, the World Health Organization encouraged all member countries to implement patient blood management (PBM) programs employing multiple combined strategies to increase and preserve autologous erythrocyte volume to restrict RBC transfusions [27] . Fig. 3 Trial sequential analysis for mortality in the randomized controlled trials with a two-sided boundary and an incidence of 2.78% in the control arm and an incidence of 1.42% in the treatment arm Fig. 4 Funnel plot of the mortality demonstrating that no publication bias existed PBM programs included preoperative optimization of hemoglobin levels, blood-sparing techniques, and standardization of transfusion practice [28, 29] . Since then the PBM program has been adopted to minimize blood loss in patients undergoing cardiac surgeries [30] . Gross et al. [31] reported that implementing meticulous surgical techniques, a goal-directed coagulation algorithm, and a more restrictive transfusion threshold in combination resulted in an obvious decrease in RBC transfusions and lower total direct costs. Despite the benefits of PBM, many barriers limit translation of PBM guidelines into clinical practice worldwide, particularly in the absence of interdisciplinary commitment, lack of resources, and general concerns. Strategies for overcoming the obstacles include the use of bundles of care and specifically designed measures on the basis of local conditions [32] .
Several pharmacologic agents have been used to decrease intraoperative blood loss, which is helpful to reduce RBC transfusion. Antifbrinolytic agents, including tranexamic acid and epsilon aminocaproic acid, have been extensively studied, and they decrease hemostatic activation, reduce bleeding, and decrease allogeneic RBC transfusions [33, 34] . Furthermore hemostatic treatment with fibrinogen concentrate in patients undergoing aortic surgery significantly reduced allogeneic blood transfusion [35] . In addition, several erythropoietin dosing regimens and duration treatment increase red cell mass and reduce allogeneic blood transfusions [36] . Erythropoietin administered before cardiac surgery seems effective in reducing the need for RBCs without increasing adverse events, hence reducing transfusion requirements [37, 38] ; however, it is still controversial [39] . Recently Urena et al. [40] showed that combined erythropoietin and iron therapy failed to reduce RBC transfusion in anemic patients undergoing cardiac surgery.
This meta-analysis has several limitations. First, the hemoglobin thresholds of the restrictive RBC transfusion strategies varied between the trials. Thus, the appropriate threshold remains to be defined and could vary for different patients. Second, the types of cardiac surgery differed among the included studies and patients undergoing different types of cardiac surgery may have different tolerances to restrictive transfusion strategies.
Conclusions
The available evidence from our updated meta-analysis suggests that the OR for 30-day mortality did not favor a restrictive or liberal transfusion strategy in randomized controlled trials of adult patients undergoing cardiac surgery. Our meta-analysis is the best available evidence that restrictive RBC transfusion is as effective and safe as liberal transfusion strategies in adult cardiac surgery, 
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